Background The effect of levocarnitine supplementation has not been evaluated in children with dilated cardiomyopathy (DCM). Objective The aim of this study was to explore the effect of oral levocarnitine supplementation in pediatric patients with DCM. Methods Twenty-nine children with DCM (17 male, 12 female, aged 1 month to 13 years) were divided into two groups according to a simple randomization: control group (n = 10) and experimental group (n = 19). All children were given oral hydrochlorothiazide, enalapril, and spironolactone; additionally, patients with cardiac function of NYHA grade IV were given oral digoxin, and patients with intractable heart failure were given intravenous dopamine and dobutamine. When cardiac function was restored to NYHA grade II-III, patients were given oral metoprolol. Patients in the experimental group received add-on treatment with oral levocarnitine solution (50-100 mg/kg/day). Patients were followed up at 1, 3, 6 and 12 months. Left ventricular ejection fraction (EF), short axis shortening (FS), and left atrium (LA) and left ventricle (LV) diameters were measured at different times during the follow-up.
Introduction
Heart failure (HF) is a serious and end-stage complication in a variety of cardiovascular diseases. Dilated cardiomyopathy (DCM) usually manifests as chronic systolic heart failure leading to arrhythmias and sudden death. DCM treatment ranges from improving short-term hemodynamics to long-term repair strategies, which change the biological properties of cardiomyocytes. This improves symptoms and quality of life and prevents and delays the progression of myocardial remodeling, thereby reducing the mortality and hospitalization rate caused by heart failure [1] . Levocarnitine, also known as L-carnitine, is involved in the b-oxidation of long-chain fatty acids for energy production in mitochondria. During heart failure, cardiomyocytes are subjected to ischemia and hypoxia, and their main energy source, b-oxidation of fatty acids, is obviously suppressed. Studies have shown that supplementation of exogenous levocarnitine is beneficial in improving the energy metabolism in cardiomyocytes and thus protecting the myocardium [2] . In the current study, we explored the therapeutic effects of levocarnitine treatment combined with conventional therapy in patients with DCM.
Patients and Methods

Patients
29 patients (17 males and 12 females) aged from 1 month to 13 years (\1 year: 13 cases, 1-3 years: 3 cases, 3-7 years: 5 cases, 7-13 years: 8 cases) were enrolled in the Department of Pediatric Cardiovasology at the Children's Medical Center, the Second Xiangya Hospital, Central South University between July 2001 and June 2016. All cases were diagnosed as DCM according to World Health Organization/International Society of Federation of Cardiology diagnostic criteria [3] . The course of disease ranged from 5 days to 2 years. The cardiac function of the patients was classified as grade III-IV according to the New York Heart Association (NYHA) classification. After the initial diagnosis, these patients were divided into two groups by simple randomization: the control group (n = 10) and the experimental group (n = 19). There were no statistically significant differences in age, gender, course of disease, and cardiac function between the two groups (p[0.05). Clinical follow-up was conducted at 1, 3, 6, and 12 months after treatment. Written informed consent was obtained from the subjects or their guardians and the study protocol was approved by the ethics committee of the Second Xiangya Hospital, Central South University.
Methods
Patients in the control group were administered the following oral drugs after the initial diagnosis: hydrochlorothiazide (Yunpeng Pharm, Linfen, Shanxi, China, batch no. H14020796) 1-2 mg/kg/day, enalapril (Yangtze Pharm, China, batch no. H32026568) 0.08-0.10 mg/kg/day, spironolactone (Minsheng Pharm, Hangzhou, China, batch no. H33020070) l-2 mg/kg/day. Those with NYHA grade IV heart failure were additionally administered oral digoxin (Shuanghe High Tech Pharm, Beijing, China, Batch No. H10970389) twice a day at 1/5 loading dose for 3-6 months, and those who were refractory were administered intravenous dopamine (Yabang Pharm, Jiangsu, China, Batch No. H32023366) and dobutamine (The first Biochem Pharm, Shanghai, China, Batch No. H31021904) 2-5 lg/kg/min for 3-5 days. When the cardiac function was restored to NYHA grade II-III, patients were administered oral metoprolol (AstraZeneca, China, batch no. 326201) 1.0-1.5 mg/kg/day. The renal function and serum potassium were monitored after 2-4 weeks.
In the experimental group, patients were administered oral levocarnitine solution (Northeast Pharm, China, Batch No. H19990372) 50-100 mg/kg/day in addition to the above-mentioned conventional therapy. During the treatment period, patients were hospitalized in case of an exacerbation of clinical symptoms.
Observational Index
During the follow-up, patients were closely observed in terms of clinical symptoms, and electrocardiogram (ECG) and echocardiogram were re-examined. Parameters including left ventricular ejection fraction (EF), short axis shortening (FS), and left atrium (LA) and left ventricle (LV) diameters were monitored and they were compared with the parameters of healthy children at the same age [4] . The therapeutic efficacy was evaluated after 1 year of follow-up.
Statistical Analysis
Data were analyzed by SPSS 22.0 software and represented as median (interquartile range). Differences between groups were compared by Rank-sum test and p\0.05 was considered as statistically significant.
Results
Therapeutic Efficacy
There was no significant difference in the parameters between the two groups before treatment, except for LV diameter increment values ( Table 1 ). The children were followed up for 1 year; improvement in clinical symptoms and absence of arrhythmias were noted in both groups during the 1-year follow-up period. The cardiac function of the experimental group showed significant improvement after 1 year of treatment; the EF and FS were increased (Z = -2.921, p = 0.003; Z = -2.814, p = 0.005, respectively), and the LA and LV diameters were reduced (Z = -2.311, p = 0.021; Z = -1.993, p = 0.046, respectively) ( Table 2 ). In the control group, there were no significant changes from baseline in the EF, FS, and LA and LV diameter after treatment ( Table 2) . Following 1 year of treatment, the EF was significantly higher in the group receiving levocarnitine compared with the control group (Z = -2.112, p = 0.035); however, there were no significant differences in the FS, or LA and LV diameters (Z = -1.836, -0.511, -1.881; p = 0.066, 0.609, 0.060, respectively) between these groups (Table 3) .
Compliance and Adverse Effects
Children in both groups showed good compliance and their renal function and serum potassium remained in the normal range during the first 2-to 4-week period following the start of treatment. No other adverse effects were reported in the experimental group during the follow-up.
Discussion
As the EF and FS were significantly improved and the LA and LV diameters were significantly reduced, oral levocarnitine solution appeared to enhance the therapeutic efficacy of the conventional therapy in children with DCM in our study. DCM is mainly characterized by reduced systolic function, enlargement of the left ventricle, and thinning of the ventricular wall. The etiology is complex and 20-35% of the cases show familial clustering, or it may be secondary to congenital metabolic defects, inflammatory response, or autoimmunity. Ultimately, all DCM cases will progress into chronic congestive heart failure [3, [5] [6] [7] . Alexander et al. [8] reported that the death rate among children with DCM was highest within the first year after diagnosis (26%); the 10-year survival rate was 62%. Treatment for chronic heart failure has changed dramatically since the 1990s, with a move away from cardiac stimulants, diuretics, and vasodilating drugs towards diuretics, neuroendocrine antagonists with or without digoxin, and devices usage, etc. [9] [10] [11] . For the diagnosis and treatment of DCM in children, echocardiography is the preferred method to assess cardiac function and plays an important role in the diagnosis, prognosis, evaluation, and guidance of treatment [12, 13] . The symptoms of some patients with DCM may improve after treatment with diuretics and neuroendocrine antagonists, but for others, the symptoms progress and eventually lead to endstage heart failure. A European study [14] showed that if 31.9% of patients with chronic heart failure are hospitalized, 7.2% of these patients die within the first year of hospitalization.
Following the formulation of the metabolic remodeling theory by van Bilsen et al. [15] , several animal and clinical studies have demonstrated that changes in myocardial glucose and fatty acid utilization and energy metabolism disorders lead to myocardial structural and functional abnormalities, eventually contributing to the occurrence and progression of chronic heart failure [16] . Metabolic abnormalities in chronic heart failure are manifested by mitochondrial dysfunction, which is caused by changes in substrate utilization, decreased oxidative phosphorylation, and a reduced level of high-energy phosphates. In cardiomyocytes, adenosine triphosphate (ATP) is mainly produced from fatty acid metabolism. During chronic heart failure, cardiomyocytes are in an ischemic and hypoxic condition, and this inhibits b-oxidation of fatty acids. Therefore, the levels of acyl-CoA and free fatty acids are increased, which inhibits the activity of various enzymes, forming a vicious cycle that further impedes cardiac function [17] . Increased myocardial apoptosis induced by mitochondrial dysfunction constitutes a major link to myocardial metabolic remodeling in patients with chronic heart failure. Apart from decreased ATP production, mitochondrial dysfunction is also accompanied by the generation of a large amount of reactive oxygen species, the generation of which not only alleviates mitochondrial dysfunction but also triggers endogenous apoptosis of cardiomyocytes, forming a vicious cycle that is hard to break.
Levocarnitine, a small-molecule amino acid derivative essential for mammalian energy metabolism, plays an important role in promoting fatty acid oxidation in myocardiocytes. It transports long-chain fatty acids into the mitochondrial matrix, fueling the tricarboxylic acid cycle to generate necessary energy to maintain physiological activity of the cell. It is found that levocarnitine is effective in the treatment of diabetes mellitus, cirrhosis, renal failure, malnutrition, and several other diseases [2] . Current studies have demonstrated that patients with chronic heart failure showed decreased levels of levocarnitine in both plasma and myocardial cells and the severity of heart failure is correlated with levocarnitine level [18, 19] . Cardiac myocardium biopsy in patients with chronic heart failure revealed both deficiency of free carnitine and accumulation of long-chain carnitine in the myocardium [20] , especially in DCM patients with chronic heart failure. Levocarnitine helps to maintain mitochondrial membrane potential and to increase the level of ATP through its anti-oxidation effect. It also downregulates the expression of cytochrome c, pro-apoptotic Bax, and Caspase-3 and upregulates anti-apoptotic Bcl-2, thus inhibiting myocardial apoptosis through the mitochondrial pathway. It also helps to restore myocardial energy metabolism [21, 22] . Evangeliou and Vlassopoulos [23] observed a decrease in levocarnitine level in DCM patients with chronic heart failure, and supplementation of levocarnitine promoted the transfer of the accumulated lipoyl-CoA into mitochondria. This alleviated the inhibition of adenine nucleotide translocase, restored normal oxidative phosphorylation, and thus restored the cardiomyocytes back to a normal, fatty acid-dominated metabolic status. Supplementing exogenous levocarnitine reduced accumulation of toxic lipid metabolites, alleviated myocardial damage, and protected cardiac function. Omori et al. [19] found that supplementing levocarnitine affected the arachidonic acid pathway, increased prostacyclin production, and thereby alleviated heart failure in patients with cardiac fibrosis. In addition, levocarnitine may also mediate the upregulation of peroxisome proliferator-activated receptor-c (PPAR-c) by downregulating NADPH oxidase (NOX2, NOX4) and transforming growth factor-b (TGF-b1) and connective tissue growth factor, leading to alleviation or even reversal of cardiac fibrosis [24] . For DCM patients with chronic heart failure, conventional anti-heart failure treatment plus levocarnitine has been proved to be a safe and effective treatment. Several clinical studies have demonstrated that supplementing the conventional treatment for chronic heart failure with levocarnitine can significantly improve cardiac function, reduce myocardial injury markers, and reduce clinical adverse events without significant adverse reactions [25, 26] . In this study, because of the small sample size and loss of some patients to follow-up, the sample size of the two groups was different. There was no significant difference in the age, gender, course of disease, cardiac function, EF, FS, and LA diameters between the two groups. The control group showed no significant improvement in the echocardiographic parameters after treatment, which may be related to the smaller sample size and larger errors.
Conclusions
After supplementing conventional treatment with levocarnitine oral solution, the EF and FS were significantly improved and the LA and LV diameters were significantly reduced, suggesting that levocarnitine may enhance the therapeutic effect of conventional treatment in children with DCM, especially the improvement of the EF. The strength of this study is limited by the small sample size and lack of genotyping or screening of inherited metabolic diseases. Therefore, the etiology of DCM is not clear. The two groups showed remarkable difference in initial LV diameter increment values, which may also have led to biases in the results.
Acknowledgements This study would not have been possible without the outstanding ongoing dedicated work of many people, particularly those involved with the trial office, and the clinical work with the patients and their families. In addition, we acknowledge the indispensable cooperation of our patients, which was crucial for this review. Given this study's extensive timeline and the sheer number of people involved, we cannot possibly name everyone who contributed meaningfully, but their work is appreciated.
Compliance with Ethical Standards
Funding This work is supported by grants from 
